During the winter flood of 2016, concerns were raised about the projected stages being higher than observed and whether these differences reflected some significant morphologic change in the Mississippi River that required attention. To address this issue, a review of research related to cold water versus warm water floods was conducted, followed by an analysis of specific gage records and stage-discharge trends, which had been updated to include data from 2014 through 2016. The gage analysis revealed no stage abnormalities that were considered outside the normal broad-scale trends or typical intra-annual stage variability. Rather, the observed stages appeared to be consistent with typical cold water stage tendencies. Observed stage-temperature data indicate that at the midbank and higher flows, there is a significant association between stage and water temperature. The fact that this apparent paradox does exist suggests that the underlying dominant processes for the differences between cold water and warm water flood stages are not yet fully understood: processes such as floodplain vegetation changes, antecedent flood conditions, or other factors may also be significant contributors.
The winter flood of 2016 produced stages at numerous gage locations that were lower than projected flood stages. The lower stages can be partially attributed to reductions in the projected discharges in the system. However, the Mississippi Valley Division (MVD) raised concerns that these stage trends may have been indicative of some significant, yet previously unrecognized, morphologic change or were simply associated with normal intra-annual stage variability. Recognition of the underlying geomorphic processes responsible for these stage trends is critical for the continued successful management of the river system during future floods.
Objectives and methodology
The objectives of this study were to investigate the observed stage trends during the 2016 winter flood and to identify the dominant causative factors responsible for the observed trends. Two specific tasks were involved in this investigation. The first task was to update the specific gage records to include the most recent measurements in 2016. These specific gage trends were then evaluated to document any significant stage trends during the 2016 winter flood that would be indicative of a significant morphologic change in the system. The second task was to investigate the underlying causative factors responsible for the observed stage trends. Potential factors to be evaluated included temperature and seasonality effects, as well as local and system-wide morphological adjustments.
Points of contact (POC)
For additional information, POC are located in the Appendix.
Historical Studies of Stage Trends
The study of the effect of water temperature on stage, bed formation, and discharge has been approached in different manners over the past several decades by many researchers. Many of the significant studies on this topic took place in the 1960s in the form of field measurements and flume studies initiated by the U.S. Army Corps of Engineers (USACE) Committee on Channel Stabilization. Initial studies, primarily performed by the USACE, focused on empirical data on specific reaches of rivers such as the Mississippi, Missouri, and Arkansas Rivers. Flume and other laboratory studies were conducted during this time period that often produced results that differed from the empirical study results.
One of the earliest studies of temperature effects on river stage was on the Middle Loup River by Hubbell (1956) . The Middle Loup River exhibits relatively constant flow and was shown to have lower Manning's n values when the water temperature is lower. Hubbell also noted an absence of dunes at the crossings during winter. Crossings refers to an area of the river in which the thalweg crosses from one bank of the river to the other in a bend.
The New Orleans District compiled a report for the Channel Stabilization Committee in 1966 that provided an extensive review of the published data pertaining to the effects of water temperature on discharge, stage, and bed configuration on the Lower Mississippi River near Red River Landing (Burke 1966) . While this report only focused on one specific reach of the Mississippi River, the conclusions reflect the apparent relationship between water temperature, stage, and bed formations. Burke found that colder water is simply more viscous, resulting in higher concentrations of suspended sediment than is observed in warmer waters. Viscosity, for the purpose of this report, refers to the water's resistance to flow (higher viscosity relates to a higher resistance to flow). In the case of measurements taken near Red River Landing, the river picks up and carries sediment from the crossings during a flood event, and during a cold water flood, this sediment is carried for a longer time period in suspension and not redeposited as quickly. The resulting deeper crossings and increased channel capacity allow cold water floods to pass the same discharge as their warm water counterparts at a lower stage (Burke 1966) .
Flume experiments completed by Franco (1968) and Vanoni and Brooks (1957) yielded results that did not align with the Burke (1966) field observations of the effect of water temperature on stage, discharge, and bed formations. In some instances, the flume results showed opposite effects seen in the field, such as increased bed roughness with decreased temperatures. Discrepancies such as this led many to question the ability of this phenomenon to be captured in a laboratory setting. The results of these flume tests prompted Fenwick (1969) to gather more field data and expand upon the Burke (1966) study. The Fenwick (1969) report examined 31 flow events at 18 gaging stations along the Missouri, Mississippi, and Arkansas Rivers. Note that in every instance the cold water conditions produced higher discharges than the warmer water for both the rising and falling stages. Fenwick (1969) concluded that the bed resistance in large alluvial rivers increases significantly with increasing water temperature so that a given river discharge will pass at a higher stage elevation when the water is warm than when cold. Fenwick (1969) recommended the continuation of laboratory studies on water-temperature effects but also cautioned the use of homogenous sediment, the use of shallow flumes, and the lack of sinuosity present in the former flume studies. Colby and Scot (1965) provided insight into the complexity of water temperature and the resulting changes in viscosity effects on bed material (larger than .062 millimeters [mm]) discharge. They concluded that water temperature has an appreciable effect on the resistance to flow only within certain ranges of flow and that these ranges are different for different streams. They also asserted that these complex processes could be grouped into three separate effects: (1) the thickness of the laminar sublayer; (2) vertical distribution of the suspended bed material; and (3) bed configuration that could lead to resistance of flow. They concluded that the effect on the vertical distribution of suspended bed material leads to an approximate doubling of bed material discharge if water temperatures are decreased from 80 °F to 40 °F. They further noted that this effect seems to be the most consistent and predictable of the above three processes. Colby and Scot also proposed five possible reasons that flume studies and field results are different: (1) relative shallowness of flumes: (2) presence of a wide range of Froude numbers and bed configurations for flume flows; (3) the general uniformity of bed configurations over the effective part of the flume bed present at most times during an experiment; (4) the difference in types of data analysis for flume studies and stream studies; and (5) the variability of energy gradients present in flume flows.
The USACE Omaha District conducted regime studies on the Missouri River for the period 1966-1968 and concluded that there was a pronounced correlation between water temperature, shifts in the stagedischarge relationship, and bed roughness forms (USACE 1969) . The bed material near Omaha consists of sediment in the 0.2 mm size range, and the discharge is controlled by the Gavin's Point Dam upstream. Controlled flow on the Missouri River ranged from 30,000 cubic feet per second (cfs) to 35,000 cfs during the navigation season at the time of the study. These flows proved to be favorable for the study of the effects of temperature on the stage-discharge relationship for stages below bankfull conditions. Field surveys for this study included profiles of both the channel centerline and river cross sections throughout the reach. Measurements included water surface profiles, bed surface sampling, and suspended sediment sampling.
These USACE (1969) studies showed that the water surface of the Missouri River at Omaha lowered, with no reduction in discharge, from 1 to 2 feet (ft) between the months of September and November. This shift in stage coincides with a steady decrease in water temperature of approximately 30 0 F during the period. The effect of temperature on suspended sediment was evident in the study with measurements indicating that the sand load was nearly doubled during November when compared to the August/ September time period. Evidence of the higher suspended sediment concentration was also evident in the observed transformation of the bed forms. Throughout the study it became apparent that the channel bed becomes progressively smoother from the summer into the fall months. The dunes were relatively shorter in length and higher during the summer and became longer and shallower later in the fall. These transitions occurred as the discharge remained relatively constant while temperature decreased. It was also noted that the reversal of this process could be seen during the transition into spring, thus leading the investigators to the conclusion that this process was correlated with temperature. Manning's n values were calculated during this time period and also reflected the smoothing of the bed; Manning's n values decreased from 0.0195 to 0.0155 from September to November. The overall conclusion of the USACE (1969) study on the Missouri River was that stage changes reflected a change of overall channel resistance rather than a lowering of the bed profile or other change in channel dimensions and that these changes were closely associated with changes in water temperature.
3 Gage Analysis
Long-term specific gage trends
Specific gage analysis is a powerful tool used by river engineers and scientists to assess the historical behavior of rivers. In a recent study, specific gage records were developed for 25 stations on the Mississippi River by Biedenharn et al. (2017) . The period of record for these stations generally extended through 2014. As part of this present study, the specific gage records at the major gaging stations were extended through 2016 to determine if any significant stage trends occurred during the past several years. A brief discussion of each of these records is provided below.
Natchez
Natchez is a primary station located at River Mile (RM) 363.3 above head of passes on the Lower Mississippi River (LMR). The original period of record for the specific gage analysis extended from 1890 to 2014. The updated specific gage record with data through 2016 is shown in Figure 3 .1. There is considerable stage variation within any given year, but in general, the Natchez gage has been in an aggradational regime since the mid-1970s. No significant departures from this trend were observed by the addition of the 2015 and 2016 data.
Vicksburg
The original period of record for the Vicksburg gage (RM 435.7) extended from 1858 through 2014. The updated specific gage record, extending through 2016, is shown in Figure 3 .2. As noted at Natchez, there is considerable variability with any given year, and the 2015 and 2016 data appear to fall within this range with no significant outliers.
Arkansas City
Arkansas City is located at RM 554.1 and had an original period of record extending from 1884 through 2014. Discharge measurements were discontinued at Arkansas City in 2011 and replaced by the gage located at Greenville (RM 531.5). Therefore, daily stages at Arkansas City were combined with the observed discharge measurements at Greenville (with no lag) to produce the specific gage at Arkansas City for the 2011 to 2016 period (Figure 3.3) . Again, the addition of the 2015 and 2016 data does not reveal any significant deviations from the existing stage trends. 
Helena
The original period of record for the Helena gage (RM 663) extended from 1882 through 2014. The specific gage record was updated through 2016 ( Figure 3 .4), although there were only four additional measurements taken between 2015 and 2016. Because of the few data points, the addition of the 2015 and 2016 data is of limited value.
Memphis
The Memphis gage is located at RM 734.7 and had an original period of record from 1882 through 2014. The updated specific gage record through 2016 is shown in Figure 3 .5. Only three additional measurements were available for 2015 and 2016. Therefore, like Helena, there was not much additional insight provided by these additional data.
Hickman
The Hickman gage is located at RM 922 and represents the most upstream primary gage on the LMR. The original period of record at Hickman extended from 1931 to 2013. The updated specific gage record at Hickman with data through 2016 is shown in Figure 3 .6. The additional 3 years of data do not indicate any significant deviations from the existing trends. 
Thebes
The Thebes gage is located at RM 43.7 on the Middle Mississippi River (MMR) upstream of the confluence with the Ohio River. The original period of record extended from 1941 through 2014. The specific gage record was updated to include data through 2016, and the resulting graph is shown in Figure 3 .7. With exception of a slight increase in the stage for the one measurement at 675,000 cfs, the updated specific gage record does not indicate any significant shifts in the stage trends.
Chester
The Chester gage is located at RM 109.9 on the MMR. The original period of record, which extended from 1942 to 2014, was updated to 2016 (Figure 3.8) . No significant stage shifts were indicated by the extension of the record. 
Stage discharge analysis
The specific gage records provide valuable insight into the long-term morphological behavior of the river. However, some of the short term (e.g., seasonal, inter-annual, and flood-related) variability may be obscured in the broad-scale specific gage records. Therefore, a more detailed study of the stage, discharge, and temperature data at selected gaging stations was conducted.
Stage-temperature relationships
As discussed in Section 3, the effects of temperature on river stage have been addressed by numerous investigators over the years, often with conflicting results. To illustrate the relationship between stage and temperature, the 2000-2016 data at the Vicksburg gage were analyzed. Five flows (250,000 cfs, 500,000 cfs, 750,000 cfs, 1,000,000 cfs, and 1,400,000 cfs) were selected. A flow bin for discharge was selected using bin width of +/-2.5%. For example, the 1,000,000 cfs flow was represented by all flows between 950,000 cfs and 1,050,000 cfs. Next, the stage and water temperature data recorded on the observed discharge measurement were plotted for each of the five flows. The results are shown in Figures 3.9 to 3.13. A regression line was developed for each flow.
To assist in the interpretation of the data, the statistical parameters R 2 and P-values were determined. The R 2 value provides a measure of the amount of variability in Y (stage) that is explained by X (temperature). For example, an R 2 of 0.8 implies that 80% of the variability in stage can be explained by a linear relationship with temperature. Conversely, an R 2 of 0.2 implies that only 20% of the variability in stage can be explained by a linear relationship with temperature. The P-value assesses the statistical significance of an apparent trend. For this case, a P-value of 0.05 was used to establish if the slope of the line was statistically different from zero. If the calculated P-value is less than 0.05, then the slope of the trend line is classified as being statistically different than zero: a trend does exist. If the P-value is greater than 0.05, then the slope of the trend line is not significantly different than zero: there is no significant trend in the series. As shown in Figures 3.9 to 3.11, there is a significant increasing trend in stage as temperature increases for the higher flows (700,000 cfs, 1,000,000 cfs, and 1,400,000 cfs). At the 1,400,000 cfs flow, there is almost a 6 ft increase in stage associated with a water temperature increase from 45 °F to 85 °F . At 1,000,000 cfs and 700,000 cfs, the stage increases about 3.5 ft and 2 ft, respectively, indicating that the effects of temperature are less at the lower flows. In fact, at even lower flows (500,000 cfs and 250,000 cfs), there does not appear to be any significant relationship between stage and water temperature. 
Discussion
Researchers have examined the cold water versus warm water phenomenon since the 1950s, with the focus being on temperature-related viscosity changes that affect sediment transport, bed forms, and flow resistance. Empirical studies have consistently reported that stages are lower for cold water (winter) floods compared to warm water (spring) floods of the same flow magnitude. However, flume studies have reported just the opposite: cold water flows having higher stages than warm water flows. Although possible explanations for these differences have been proposed, the fact that this apparent paradox does exist suggests that the underlying dominant processes for the differences between cold water and warm water flood stages are not yet fully understood: other processes such as floodplain vegetation changes, antecedent flood conditions, or other factors may also be significant contributors.
The effects of water temperature on the stage-discharge relationship were analyzed for five flows (250,000 cfs, 500,000 cfs, 750,000 cfs, 1,000,000 cfs, and 1,400,000 cfs) at Vicksburg. These data clearly indicate a significant association between water temperature and stage for flows in excess of approximately 700,000 cfs. The strongest association occurred at 1,400,000 cfs with the stages increasing by almost 6 ft as water temperature increased from approximately 45 °F to 85 °F . At 1,000,000 cfs and 700,000 cfs, the stage increases were in the 2 to 3.5 ft range, suggesting that the effects of water temperature are lessened as the flow decreases. This trend is confirmed when the lower flows were examined: at flows of 500,000 cfs and 250,000 cfs, there was no statistically significant association between stage and water temperature.
At this point, a word of caution is needed concerning the observed associations between water temperature and stage. Water temperature is an easily measured parameter and as such is relatively straightforward to use as an independent variable when developing relationships with other dependent variables such as stage. The empirical evidence clearly indicates that cold water floods typically have lower stages than warm water floods. However, the causative factors that are associated with water temperature are not clearly understood. Most researchers have focused attention on the effects of water temperature on sediment transport, bed form roughness, and the resulting stage impacts. However, there may also be other factors contributing to the observed stage trends, which tend to yield greater stage differences at higher discharges. For example, cold water floods typically occur in the winter when floodplain vegetation is sparse, thereby lowering the resistance to flow. Another possible contributing factor may be the impact of antecedent conditions. Winter floods, occurring early in the season, have typically not had many large sediment mobilizing flows that might increase bed forms. Therefore, the associated roughness might be lower than during the later spring floods that might have experienced numerous sediment mobilizing flows prior to the major flood event.
Specific gage records were updated to include data through 2016 at eight stations (Natchez, Vicksburg, Arkansas City, Helena, Memphis, Hickman, Thebes, and Chester). This generally involved adding data from 2014 through 2016. Analysis of the specific gage records revealed no stage abnormalities that were considered outside the normal broad-scale trends or intra-annual variability. Note that specific gage records are most applicable for establishing long-term trends over multiples of years or decades. Consequently, the uncertainty associated with focusing on short time periods of a few years, particularly at the end of the record such as in this study, must be recognized. At Hickman the stages in 2016 were approximately 4 to 5 ft lower than the 2011 stages for a flow of approximately 1,700,000 cfs. Unfortunately, there were no water temperature data available for Hickman. However, based on data at Vicksburg, it follows that the January 2016 water temperature was significantly less, probably in the 30° range, than the spring flood of 2011.
The literature is replete with studies documenting the effects of water temperature on river stages, but as discussed above, there may be multiple factors driving this phenomenon. Unfortunately, there have been no detailed investigations to identify and evaluate the relative contribution of these causative factors. The precise nature by which water temperature affects sediment transport, bed forms, and stages is a complex issue that warrants further investigation to more completely understand the relative contribution of the various causative factors.
Summary
The fact that stage-discharge relations on the Mississippi River are subject to change based on temperature has been well documented at least since the 1960s. Winter (cold water) floods generally produce lower stages than spring/summer (warm water) floods of the same flow magnitude.
Researchers have typically attributed this phenomenon to changes in the water viscosity, which in turn, affects the sediment transport, bed forms, and resistance to flow. The underlying processes responsible for these observed trends, however, have not been fully investigated: other processes such as floodplain vegetation changes, antecedent flood conditions or other factors may also be significant contributors.
Stage, discharge, and water temperature data were analyzed at eight stations along the Mississippi River to determine if the observed, lower stages during the 2016 winter flood reflected some shift in the morphologic character of the river that might affect future management of the system. Analysis of long-term specific gage records and stagedischarge comparisons in 2008, 2011, and 2016 did not reveal any significant changes that were contrary to the observed long-term stage trends, typical warm water versus cold water trends, or normal intraannual stage variability.
